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Abstract

:

In this study, we report the influence of vanadium oxide (VO), as a photosensitive component, on the photoactivity of TiO2 nanotubes (TNTs). A series of TNTs of varying tube diameter were synthesized by the anodization of titanium foils at different voltages, while vanadium oxide was deposited on TNTs by wet chemical deposition. An improvement in the optical properties of nanotubes was observed after the deposition of vanadium oxide. An improvement in the optical properties (redshift in UV-Vis spectra) of TNTs and TNT/VO was noted. The photocatalytic activity was improved with increasing tube diameter, while it was weakened after the deposition of VO. Furthermore, photoactivity was investigated in photodiodes based on TNTs or TNT/VO and single crystals of CH3NH3PbI3. The photoelectric measurement revealed that different TNT diameters did not influence the I-V characteristic of the photodiodes, while the deposition of VO improved the photocurrent for smaller TNTs.
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1. Introduction


Due to its great optical and electrical properties, TiO2 is used for various light-induced applications such as solar cells [1], optoelectronics [2], photocatalysis [3], self-cleaning materials [4] or water-splitting for hydrogen production [5]. To improve its photoactivity, it is necessary to speed up the transport of electrons and holes and to enable the better separation of electrons and holes to reduce their recombination rate.



For better and faster charge carrier transport, a unidirectional path is desired, which can be obtained by synthesizing 1 D morphology [6]. According to Liu et al. [7] the height, wall thickness, and diameter of nanotubes have a significant effect on the photocatalytic activity of TiO2. Nanotubular morphology can be obtained by the anodization of titanium foil optimized via operative conditions: applied voltage, anodization time, and type of electrolyte [8]. Therefore, the duration of anodization influences the height of nanotubes, while applied voltage influences the nanotube diameter [9].



Furthermore, charge carrier separation can be improved by coupling TiO2 with other sensitizers such as quantum dots [10], transition metals [11], organometallic salt [12], etc. A heterojunction can be formed between TiO2 and metal oxides with narrower bandgaps, such as vanadium oxide. When TiO2 is coupled with V2O5, the Fermi levels of TiO2 and V2O5 equalize to achieve balance. However, the conduction band of V2O5 rises, becoming higher than the conduction band of TiO2, which represents a driving force for the transport of electrons from V2O5 to TiO2, and the transport of holes from TiO2 to V2O5. This cascade distribution of energy bands improves charge carrier separation, thus decreasing recombination and losses during photocatalysis [13].



The coupling of TiO2 with small bandgap semiconductors increases the charge separation of photogenerated electrons and holes. Liu et al. [14] observed suppressed electron–hole recombination and efficient separation of charge carriers on the TiO2@V2O5 core–shell interface. First, TiO2 hollow spheres were synthesized by a template method, which were further formed as core–shell hollow porous microspheres by a hydrothermal process assisted by a sol–gel method. Epifani et al. [15] modified the surface of TiO2 (anatase) nanoparticles with VOx via a sol–gel method. They proved that synergies between anatase and VOx increased the electric conductivity, voltage window, specific capacitance, and cycling stability. The 1D TiO2/V2O5 heterostructures were fabricated by electrospinning and sputtering [16]. Faster degradation of Rhodamine B dye was observed by TiO2/V2O5 nanofibers compared to pure TiO2 nanofibers. Klosek et al. [17] synthesized four different catalysts: TiO2/PVG (TiO2 monolayer supported on transparent porous borosilicate glass (PVG)), V/PVG (vanadium oxide monolayer supported on PVG), TiO2/V/PVG (one monolayer TiO2 supported on V/PVG), and V/TiO2/PVG (vanadium oxide supported on TiO2/PVG). Mixed catalysts (TiO2/V/PVG and V/TiO2/PVG) showed better photoactivity in comparison with V/PVG and TiO2/PVG due to the excitation of 3D electrons from V4+ into the TiO2 conduction band. They observed the importance of the ratio of V4+ and V5+, because V4+ may act as a recombination center under UV/visible radiation, while under visible radiation, V4+ is more active than V5+ centers.



Another way to improve photoactivity is to couple TiO2 with organic–inorganic perovskite such as methylammonium lead triiodide—MAPbI3 (CH3NH3PbI3). MAPbI3 has several advantages: it has a bandgap around 1.5–1.6 eV, a high absorption coefficient, and a long charge carrier diffusion length [18,19,20,21]. Elseman and coauthors [22] studied the influence of 0D and 1D morphology TiO2 on perovskite solar cells. They observed that the photocurrent density increased from 23.9 mA/cm2 for TiO2 nanoparticles to 25.5 mA/cm2 for TiO2 nanotube arrays, because nanotubes harvest more sunlight due to the Mie scattering effect. In our previous work [23], the influence of N doping on the photoactivity of TiO2 nanotubes/MAPbI3 interfaces was presented. It was observed that higher nitrogen concentration improved the photodiode photocurrent.



The aim of this work was to examine the influence of the TNT/VO interface on photocatalytic activity. Therefore, nanotubes with different diameters were synthesized, which were further coated by the deposition of vanadium oxide from solution at room temperature. Lastly, photoactivity of the TNT/VO and single-crystal CH3NH3PbI3 heterojunction was explored.




2. Results and Discussion


The influence of anodization voltage on the morphology of TiO2 nanotubes was investigated using SEM (Figure 1a–c). Well-aligned self-organized nanotube arrays were observed for anodization voltages from 10 to 20 V, and the diameter of the nanotubes increased with increasing voltage. Values of the microstructural parameters (statistical analysis results) are shown in Table 1. As the voltage increased from 10 V to 20 V, the outer diameter of nanotubes increased from ~62 nm to ~114 nm, while the wall thickness increased from ~8 nm to ~12 nm.



At a higher voltage (25 V), nanotubes were not produced, because the aqueous solution of HF used did not perform well, unlike organic electrolytes (based on ethylene glycol or glycerin), which allow voltages of up to 150 V [9,24]. On the other hand, voltages below 10 V in HF electrolytes lead to pore formation, without nanotubes [9].



Vanadium oxide was deposited on nanotubes synthesized at voltages from 10 to 20 V, and micrographs of samples are shown in Figure 1d–f, while morphological parameters of the samples are shown in Table 1. Although there is a slight increase in wall thickness and outer diameter of nanotubes with vanadium oxide deposition, this is within the range of the standard deviation. Cross-sections of samples without and with deposition of vanadium oxide are shown in Figure 2. The length of nanotubes increases from around 160 nm at 10 V, to 260–300 nm at 15 and 20 V.



The chemical composition of the surface after vanadium oxide deposition was examined using X-ray photoelectron spectroscopy (XPS). Survey XPS spectra consist of typical peaks for TiO2 (Ti and O) with the addition of a vanadium peak (Figure S1). The high-resolution spectra of these three peaks are presented in Figure 3. The positions of the Ti 2p3/2 peak for all three TV samples are 458.8 or 458.9 eV, while the positions of the Ti 2p1/2 peak are 464.6 or 464.7 eV. These confirm the presence of Ti4+ state in the TiO2 lattice [25]. The positions of Ti 2p peaks in the samples without vanadium oxide are at about the same energies, indicating that the deposition of vanadium oxide did not affect the valence state of titanium. After fitting the XPS spectrum of the O 1s line for TV samples, two contributions are observed. The main contribution is positioned at 530.2 eV and corresponds to O2− ions in the crystal lattice of TiO2 and vanadium oxide (Olatt—lattice oxygen). The other contribution, around 531.5–531.6 eV, can be attributed to the existence of oxygen species on the surface of the sample—Oads (possibly weakly bound oxygen, or a hydroxyl group) [26,27] and/or to subsurface low-coordinated oxygen ions O−, where the latter exhibits lower electron density and, consequently, higher covalence of the M-O bonds (M: Ti, V) compared to classical O2− ions [28,29,30].



The chemical compositions of the samples are listed in Table 2 obtained by XPS. The positions of the O 1s peaks in TV samples were shifted towards higher values of the binding energy (by ≤ 0.2 eV), compared to the T-samples. The vanadium peak is observed only in samples on which vanadium oxide is deposited. The binding energy for V 2p3/2 is in the range 517.0–517.2 eV, while the values for V 2p1/2 are in the range 524.3–524.8 eV. The positions of the V 2p peaks correspond to the vanadium (V) state, indicating that the vanadium (IV) in the precursor oxidized after drying at 100 °C in air [31]. TV-10 and TV-15 contained the same concentration of vanadium, while the vanadium content was lower in TV-20 (Table 2).



Diffractograms of samples T-15 and TV-15 are shown in Figure 4. The most intensive peaks in T-15 originate from the titanium substrate (titanium plate) because the TiO2 film was thin (<300 nm). In addition, three anatase peaks (at 25°, 48°, and 55°) and a very weak peak on 27.3° corresponding to rutile are observed. The TV-15 diffractogram also shows peaks of titanium, anatase, and rutile. Anatase and rutile peaks do not exhibit any shift compared to the T-15. The crystalline sizes were estimated using Scherrer’s equation, and values of 20 and 22 nm were obtained for samples without and with vanadium oxide, respectively. The lack of changes in diffractograms is probably due to the small amount of vanadium oxide deposited on the nanotubes [26].



The influence of anodizing voltage on the optical properties of TiO2 nanotubes was examined with a UV-Vis spectrophotometer. The results for T-samples show that as the anodizing voltage increases, the absorbance shifts towards longer wavelengths (redshift) (Figure 5). Since the diameter and length of the nanotubes increase with increasing voltage, it is likely that the morphological characteristics of the nanotubes affect the optical properties of TiO2. As the length of the nanotube increases, the absorption edge shifts to the visible part of the spectrum, due to the increase in the amount of TiO2 [32] and higher absorption of incident photons, which leads to more photogenerated electron–hole pairs [33]. As the diameter of the nanotubes decreases, there is an absorbance shift towards lower wavelengths, because nanotubes with smaller diameters reflect more incident light due to the higher average dielectric constant [34]. It can be observed that samples synthesized at 10 V result in two peaks, while for 15 and 20 V, three peaks can be observed. The first peak in the UV region is characteristic of the TiO2, corresponding to the transition of electrons from the O 2p orbital of the valence band to the Ti 3d orbital of the conduction band [35]. The other two observable peaks are in the visible part of the spectrum. The first, at about 400–500 nm, corresponds to the trapped holes, while the second, at about 550–650 nm, corresponds to the trapped electrons at the Ti4+ center. This phenomenon is explained by the existence of localized states in the bandgap in TiO2 nanotubes [32,36]. Other authors claim that the peaks in the visible part of the TiO2 spectrum originate from oxygen vacancies or trapped electrons on Ti3+ centers located 0.1–0.8 eV below the TiO2 conduction band [35].



After the deposition of vanadium oxide on the TiO2 nanotubes, a redshift is observed for all TV samples. Wang and co-workers also observed an improvement effect of light absorption after vaporization of TiO2 nanofibers with V2O5 [16]. They explain that heterostructure TiO2/V2O5 promotes an increased separation of charge carriers. When the heterostructure is formed, the conduction band and valence band of V2O5 lie above that of TiO2, which induces the concentration of electrons in the conduction band of TiO2 and holes in the valence band of V2O5. In that way, the charges are better separated, which decreases recombination and improves optical properties. On the other hand, Liu and co-workers [14] observed better optical properties in the UV and visible region of TiO2 on which the V2O5 layer was deposited due to oxygen vacancies formed during the synthesis process that may capture the electrons. The expected absorption peak of vanadium(V) oxide, around 500 nm, is not observed [37], probably due to the presence of the overlapping TiO2 peak at about 550 nm. The Kubelka–Munk model and Tauc plot were used to determine the band gap of the samples, as shown in Table S1. A decrease in the band gaps is also evident with increases in the voltage of anodization and with deposition of vanadium oxide.



To determine the influence of nanotube morphology and vanadium oxide deposition on the photocatalytic properties of TiO2 nanotubes, photocatalytic degradation of methyl orange dye was investigated. Figure 6a shows the normalized curve of photocatalytic decomposition of MO over time. The photocatalytic decoloration efficiency of pure TiO2 increases with increasing anodization voltage, which can be correlated with the changes in the morphology. The minimum thickness of TiO2 film required for photocatalysis is reported to be about 150 nm [38], and the photocatalytic activity increases with increasing nanotube length up to a certain value (about 5 μm) [7]. The photocatalytic activity also first increases and then decreases with the increasing inner diameter and with the increasing wall thickness due to the corresponding decrease in the active surface of the nanotubes. In addition, the amount of TiO2 per unit area decreases with increasing nanotube diameter, while as the height of the nanotubes increases, the amount of TiO2 increases [39], creating diverging effects of photocatalytic performance. All of these combine, so the efficiency begins to decline after reaching a certain nanotube geometry [7]. For this reason, the optimization of morphological characteristics of TiO2 nanotubes is extremely important for TiO2 photoactivity. The effects of the morphology of T-samples on photocatalytic properties are relatively modest, with an increase in efficiency from 55% to 63% in T-10 and T-20, respectively, with T-20 exhibiting the best performance.



After the deposition of vanadium oxide, the photocatalytic properties worsen, regardless of the observed redshift in the UV/VIS spectra (Figure 5). Mahendra et al. [40] doped TiO2 with vanadium hydrothermally and observed that the photocatalytic efficiency worsened compared to undoped TiO2, although the band gap for the V-TiO2 sample was reduced to 1.95 eV. There are two possible reasons for this outcome: the first one is the absence of Ti3+ on the surface of V-TiO2, which can easily react with oxygen to form some radical species and improve photocatalysis; the other one is the presence of bulk vanadium species on the surface of the TiO2, which covered the photoactive site. According to Table 1, the TV-10 has the shortest nanotubes and thinnest wall compared to TV-15 and TV-20, and lowest photocatalytic efficiency. It could be assumed that the vanadium oxide layer covers more active surface, etc., so more photoactive sites for the adsorption of the dye are blocked for the TV-10 sample than for TV-15 and TV-20. On the other hand, TV-15 had the same amount of vanadium oxide as TV-10 but different microstructural parameters, and more area was available for the adsorption of the dye [14]. TV-20 shows a similar performance to TV-15, demonstrating that it has a similar amount of available surface for adsorption. It should be kept in mind that photocatalysis can also be negatively affected by recombination, which probably increases with vanadium oxide deposition. Although the TV-20 sample contained a smaller amount of vanadium (0.72 at.%, XPS analysis) and a thicker wall of nanotubes, which meant that most of the active surface was free for adsorption, the efficiency was not improved compared to unmodified TiO2, probably due to increased recombination. It can be concluded that with the deposition of vanadium oxide, the photocatalytic efficiency decreased more or less, depending on the morphological parameters of the nanotubes.



Heterojunctions with a p-semiconductor were manufactured using films of T and TV samples and CH3NH3PbI3 single crystal. The current–voltage characteristic of the heterojunction shows typical diode-like properties. Moreover, the diodes were sensitive to visible light and functioned as photodiodes. Figure 7a shows the influence of nanotube morphology on the photodiode characteristics of these hetero-compounds. Although the T-15 samples showed slightly higher photocurrent than T-10 and T-20, their performance was within experimental error, indicating that the nanotube morphology did not significantly impact their photovoltaic performance. It has been reported that the length of nanotubes affects electrical conductivity and thus the intensity of the photocurrent, while the diameter of the nanotube has no significant effect [41]. However, in our samples, the nanotubes were probably too short (˂300 nm) to observe the influence of nanotube height.



After the deposition of vanadium oxide, significant differences in the photocurrent of the heterojunctions are observed (Figure 7b). TV-10 and TV-15 have shown higher photocurrent, as compared to the pristine titania nanotube samples. The TV-15 sample performed the best, while the TV-10 sample, with the same vanadium content as TV-15, had a significantly lower photocurrent than TV-15, indicating the effect of nanotube morphology on the deposition of vanadium oxide layer; significant differences between these two samples were also observed in optical and photocatalytic properties. TV-20 had the lowest photocurrent among all samples. Moreover, the error bars increased after the deposition of vanadium oxide, indicating that the vanadium content was not homogenous across the TiO2 nanotubes.



A literature review indicates that V2O5 improves the separation of charge carriers, which is why it was expected to improve the photocatalytic response of TiO2 [14]. Minić and co-workers observed that after the deposition of vanadium oxide nanolayer on TiO2 nanoparticles, the efficiency of the solar cell decreased by 40% [42], which was attributed to the formation of localized states that represent electron capture sites. In addition, photoactivity is probably affected by the thickness of the vanadium oxide film, which further depends on the wall thickness of the nanotubes. The predominance of V5+ ions in the epitaxial vanadium oxide film decreases with increasing film thickness, and the thicker vanadium oxide film behaves more as a V (IV) than as a V (V) layer, which adversely affects photoactivity [43]. However, the T-15 sample has a critical nanotube wall thickness, resulting in better vanadium oxide coverage. The nanotube wall thickness of the T-15 is optimal to maximize electron transport, but thin enough not to interfere with electron transport between the vanadium oxide layer and TiO2. When this critical size increases or decreases, efficiency decreases, either due to less thickness and fewer active centers on the surface or poorer transfer of electrons or because vanadium oxide begins to have more and more recombination sites at greater wall thickness. Therefore, based on the above results, we postulate that vanadium oxide decoration on anodized titania nanotubes is beneficial for improving the performance metrics of halide perovskite-based photodiodes, solar cells, and light-emitting devices prepared by dry-pressing, lamination, and evaporation techniques.




3. Materials and Methods


3.1. Synthesis of TiO2 Nanotubes


Highly ordered TiO2 nanotubes were synthesized by electrochemical oxidation of the titanium foils. To remove contamination, titanium foils were washed in acetone, ethanol, and water for 20 min in an ultrasonic bath. Subsequently, foils were rinsed with DI water and left to dry in the air. Degreased titanium foil was used as the anode, while a platinum foil was used as the cathode in the electrochemical configuration cell. The electrolyte consisted of 553 μL HF (40 mas.% in water, Centrohem, Stara Pazova, Serbia) and 252 μL CH3COOH (96%, Merck, Darmstadt, Germany) in 50 mL water. The titanium foils were anodized at different voltages: 10, 15, 20, and 25 V, for 30 min at room temperature. After anodization, samples were washed with DI water and dried in the air. Crystallization of the as-anodized TiO2 nanotubes was performed by annealing in the air for 30 min at 450 °C, with a heating speed of 5 °C/min. Samples were signed as T-10 (anodized at 10V), T-15 (anodized at 15 V), and T-20 (anodized at 20 V).




3.2. Deposition of Vanadium Oxide


To deposit vanadium oxide on TiO2 nanotube arrays, anodized titanium foils were soaked in an 0.01 M aqueous solution of VOSO4 (Sigma-Aldrich, St. Louis, MO, USA) for 2 min. Samples were dried in air at 100 °C, and then were assigned as TV-10, TV-15, and TV-20.




3.3. Synthesis of CH3NH3PbI3


CH3NH3PbI3 crystals were synthesized from the concentrated aqueous solution of hydroiodic acid (57 wt% in water, 99.99% Sigma-Aldrich, St. Louis, MO, USA), lead (II) acetate trihydrate (99.99%, Acros Organics, New Jersey, NY, USA), and a respective amount of a CH3NH2 solution (40 wt% in water, Sigma-Aldrich, St. Louis, MO, USA). A constant 55–42 °C temperature gradient was applied to induce the saturation of the solute at the low-temperature part of the solution [44].




3.4. Preparation of Heterojunction T-CH3NH3PbI3


Millimeter-sized single crystal CH3NH3PbI3 was dry-pressed against the top surfaces of T and TV samples. For electrical contacts, tungsten needles were used. One needle was contacted with the top part of the single crystal, while the other needle was placed on the titanium foil [23].



For a better understanding of synthesis methods, a graphical illustration is presented in Figure 8.




3.5. Characterization


The top view of the nanotubes was characterized by scanning electron microscopy (SEM, JOEL JSM-6390 LV, USA). To obtain a side view, the titanium foil was bent, and further characterization was performed by field emission scanning electron microscopy MIRA3 TESCAN (Czech Republic).



The elemental composition of the surface of the samples was determined using a Kratos Axis Ultra XPS system (Manchester, U.K.)with Monochromated Aluminum K-alpha X-Rays, where the X-Ray gun was operated at 15 kV and 10 mA. Pass energy for all surveys was 160 eV, while pass energy for all region scans was 20 eV. The samples were sputter-cleaned for 1 min before measurement. To reduce the charging effects from non-conducting surfaces, a charge neutralizer was used. All data were calibrated to the C-C portion of the C1s peak at 284.5 eV.



A Philips PW-1050 diffractometer was used to obtain the X-ray diffraction (XRD) patterns, which was operated at 40 kV and 30 mA, using Ni-filtered Cu Kα radiation (1.5419 Å). The patterns were taken in the 20–80° 2θ range with the step of 0.05° and collection time of 1 s per step.



The influence of the voltage of anodization and the VO deposition on optical properties of TNTs were measured by UV-Vis spectrophotometer Shimadzu UV-2600 (Japan).



For photocatalysis, a circle-shaped TiO2 film with a diameter of 1 cm was used as a photocatalyst. Based on the surface of the circle and the morphological parameters of the nanotube, the active surface area was calculated, i.e., available TiO2 surface for photocatalysis. The active surface area for photocatalysis was calculated by multiplying the number of nanotubes standing on the surface of 0.78 cm2 by the sum of areas of the outer shell, inner shell of the nanotubes and the surface of the upper side of the nanotubes (ring surface representing the wall thickness). The bottom surface of the nanotubes is neglected and is not included in the calculation of the active surface, because it represents a minor contribution and is unlikely to be accessible. The values of active areas are shown in Table 1. To be able to compare the photocatalytic activity of nanotubes of different morphologies, all photocatalytic activities were normalized to the active surface of T-10. The photocatalytic activity of samples (T and TV) was examined through the decomposition of methyl orange solution. Samples were immersed in 3 mL 5 M dye solution. Before photocatalytic measurement, samples were left in the solution for 1 h in the dark to obtain adsorption/desorption equilibrium. For illumination, a Hamamatsu spot light source LC8 was used with an intensity of 5.2 mW/cm2. The UV–visible absorption spectrum was recorded using a Varian Cary 50 Scan spectrophotometer to evaluate the photocatalytic performance. Besides photocatalytic activity, an investigation of the photolysis of MO was also performed. The photocatalytic activity was represented as C/C0 versus time of illumination (t), where C0 is initial dye concentration and C is dye concentration obtained after various interval of time.



The photocatalytic efficiency was calculated according to the equation:


  E f f i c i e n c y =    C 0  −  C  120      C 0      ∗ 100   %  



(1)




where C120 is the final dye concentration.



A Keithley 2400 source meter (Beaverton, OR, USA)was used for 2-point resistivity measurements (d.c.) to determine the devices current–voltage (I-V) characteristics. The voltage was swiped from 0 V to +10 V/−10 V and back with a scan speed of 1 V/s. Five different positions were tested on each foil, and the averages with respective errors were plotted in Figure 7. Fiberoptic-Heim LQ 1100 (intensity 1.83 mW/mm2) was used as a light source. All measurements were performed at room temperature, in an ambient atmosphere with 30% relative humidity.





4. Conclusions


TiO2 nanotubes were synthesized by anodizing titanium foil at 10 V, 15 V, and 20 V. After annealing in air, the samples were immersed in a vanadium (IV) precursor solution. XPS analysis proved that the precursor of vanadium, where vanadium was in the + IV oxidation state, oxidized after drying the samples at 100 °C in an air atmosphere and that vanadium(V) oxide was formed on the surface of the TiO2 nanotubes. Based on SEM micrographs, it was concluded that with increasing voltage from 10 V to 20 V, the diameter of nanotubes increases from 62 nm to 114 nm, while the wall thickness increases from 8 to 12 nm and the height of nanotubes from 160 nm to 300 nm. The increase in the height and diameter of the nanotubes influenced the appearance of the so-called redshift in the absorption spectrum and resulted in improved photocatalytic activity. The sample synthesized at 20 V showed the highest photocatalytic activity due to the optimal nanotube length and nanotube diameter. The presence of vanadium oxide on the surface of TiO2 nanotubes led to an additional redshift in the absorption spectrum, compared to nanotubes without a deposited vanadium oxide layer. However, regardless of the redshift in the absorption spectrum, there is a decrease in photocatalytic activity, probably due to the coating of the surface of the nanotubes for color adsorption, which worsens photocatalysis. To form an optoelectric device, a heterojunction between TNT/VO and CH3NH3PbI3 single crystals was formed. Measurements of current–voltage characteristics showed that nanotubes with a wall thickness of 10 nm and a height of about 260 nm show the highest value of photocurrent, due to adequate morphological parameters and the presence of 1.81 at% vanadium (V) on the surface of the nanotubes.
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Figure 1. SEM micrographs of samples: (a) T-10, (b) T-15, (c) T-20, (d) TV-10, (e) TV-15 and (f) TV-20 (the scale bare in each image is 200 nm). 
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Figure 2. Cross-section of TiO2 nanotube arrays for samples: (a) T-10, (b)T-15, (c)T-20 (d) TV-10, (e) TV-15, (f) TV-20. 
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Figure 3. High-resolution XPS spectrums for Ti 2p, O 1s, and V2p for samples TV-10, TV-15, and TV-20. 
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Figure 4. Diffractograms of TiO2 nanotubes synthesized at 15 V, with and without vanadium oxide deposition. 
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Figure 5. Comparison of UV-Vis spectra of nanotubes with and without vanadium oxide deposition. 
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Figure 6. Photocatalytic activity (a) and efficiency (b) of decolorization MO by TiO2 nanotubes with and without vanadium oxide. 
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Figure 7. Photocurrent characteristic of heterojunctions of TiO2 nanotubes and CH3NH3PbI3 single crystals. (a) TiO2 nanotubes without deposition of vanadium oxide and (b) nanotubes with deposition of vanadium oxide. 
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Figure 8. Schema of the method of synthesis of TiO2 nanotubes, deposition of vanadium oxide and heterojunction formation with monocrystal CH3NH3PbI3. 
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Table 1. Microstructural parameters of TiO2 nanotubes with (TV) and without (T) vanadium oxide deposition with standard deviation in brackets.
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	Samples
	Wall Thickness

nm
	Outer Diameter

nm
	Surfaces

cm2
	Samples
	Wall Thickness

nm
	Outer Diameter

nm
	Surfaces

cm2





	T-10
	8 (2)
	62 (8)
	14.3
	TV-10
	9 (2)
	63 (8)
	13.4



	T-15
	9 (2)
	93 (14)
	16.6
	TV-15
	10 (2)
	89 (12)
	17.1



	T-20
	12 (3)
	114 (15)
	15.0
	TV-20
	12 (3)
	114 (14)
	15.0
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Table 2. Chemical analysis of TiO2 nanotubes with and without vanadium oxide deposition.
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	Samples
	Ti

at.%
	O

at.%
	V

at.%





	T-10
	18.9
	49.3
	0



	T-15
	20.5
	51.6
	0



	T-20
	19.6
	48.9
	0



	TV-10
	16.2
	50.6
	1.8



	TV-15
	16.5
	49.8
	1.8



	TV-20
	17.1
	49.1
	0.7
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